We report on the emergent magnetic state of (111)-oriented CoCr 2 O 4 ultrathin films sandwiched by Al 2 O 3 in the quantum confined geometry. At the two-dimensional crossover, polarized neutron reflectometry reveals an anomalous enhancement of the total magnetization compared to the bulk value. Synchrotron x-ray magnetic circular dichroism (XMCD) demonstrates the appearance of long-range ferromagnetic ordering of spins on both Co and Cr sublattices. Brillouin function analyses further corroborates 1 arXiv:1905.12024v1 [cond-mat.str-el]
phase diagram typically with a set of competing ground states. 17 Further, a large number of theory proposals have recently addressed another aspect showing how dimensionality effectively tunes the many-body function, either driving the ground state into an entirely different regime on the magnetic phase diagram, or inducing unconventional phases through quantum criticality.
17-19
Among many magnetically frustrated compounds, the family of chromate spinels MCr 2 O 4 (M = Mn, Fe, and Co) has attracted intense interest. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] These materials crystallize into the normal spinel structure AB 2 O 4 , with M 2+ and Cr 3+ ions occupying the tetrahedral (A) and octahedral (B) sites, respectively. As both nearest-neighbor exchange interactions three-sublattice ferrimagnetic spiral order. 36, 37 In the bulk such a conical spiral order engenders a macroscopic spontaneous polarization which is switchable by an external magnetic field, [38] [39] [40] consistent with the calculations based on the spin-current model 41 and the inverse Dzyaloshinskii-Moriya interaction model.
42
Strikingly, when viewed along the [111] direction, the spinel crystal structure shows a stacking of triangular and Kagome cation planes with intrinsically large geometrical frustration (GF), embedded in the oxygen cubic close-packed frame, as illustrated in Fig. 1 
(a)-(b).
Specifically, in this viewpoint the basic structural arrangement is "-O 4 -B 3 -O 4 -A-B-A-", containing four cation layers, which we denote as one quadruplet layer or QL. Therefore, we may speculate that if the lattice can be confined along such a GF direction, the magnetic frustration will be strongly altered and lead to the formation of emergent magnetic phases.
Naturally, the thin film approach can give direct access to modalities for manipulation and control of these phases.
Based on the above-mentioned framework, we demonstrate the power of this approach for ground state manipulation in the prototypical case of CoCr 2 O 4 spinel layered along [111] direction. In bulk CoCr 2 O 4 , the ground state has the three-sublattice ferrimagnetic spiral
[111] (b) (c) the presence of a more fundamental modification of the magnetic structure which takes place in the quasi 2D limit of the (111)-oriented ultrathin films.
In order to elucidate the magnetic structure of each sublattice, we performed resonant XAS measurements with left-and right-circularly polarized beams at beamline 4.0.2 of the Advanced Light Source at Lawrence Berkeley National Laboratory. The spectra were measured at 15 K under 0.1 T magnetic field, and recorded using the luminescence detection mode. The circularly polarized x-rays were incident with an angle of 30
• relative to the sample surface. The intensities were normalized with respect to their corresponding absorption spectra. The difference between these two spectra, known as the X-ray magnetic circular dichroism (XMCD), originates from the local magnetization of a specifically probed chemical element (i.e. Co or Cr). The XMCD results at Co and Cr L 3,2 edges are shown in Fig. 3(a) . The dichroic signals of similar lineshpae are clearly evident for all samples on both elements. Moreover, the sign of the XMCD spectra is opposite for Co and Cr as observed at the strongest feature near their L 3 edge (Cr at ∼577 eV and Co at ∼778 eV), signifying that the spin orientation on Cr ions is antiparallel to that of the Co ions. To quantify the values of the orbital and spin magnetic moments on each element, we applied the "sum rules" analysis to the spectra. [49] [50] [51] The obtained results are summarized in Table I .
As seen, for all samples the magnetic moment of Co dominates over the magnetic moment of
Cr and determines the overall direction of the net magnetization (i.e., M net = M Co + 2M Cr ).
In addition, M net exhibits strong enhancement from ∼0. from three different sublattices (Co, Cr1 and Cr2), here, we find that our field-dependent XMCD data is reconciled with a new magnetic ground state described by a two-sublattice ferrimagnetic model. 52, 53 Specifically, unlike bulk, in the 2D limit the Cr1 and Cr2 sites contribute equally to the net magnetization and the spins on the remaining two magnetic sublattices of Co and Cr align anti-parallel to each other. Qualitatively, within the nearestneighbor approximation, the Weiss molecular field on each site has contributions from both the inter-sublattice (J Co-Cr ) and the intra-sublattice (J Co-Co and J Cr-Cr ) exchange interactions.
The ratio J Co-Cr /J Cr-Cr , which is a reflection of the degree of frustration, can be extracted by fitting the field-dependent XMCD data to the modified Brillouin function of this model. In the following, we speculate on a possible mechanism for the stabilization of the YK spin configuration in (111)-oriented CoCr 2 O 4 ultrathin films. First, we note that in general the YK configuration can be triggered due to structural 'imperfection' of a spinel compound, i.e., the existence of tetragonal distortion, 55-57 cation distribution disorder, 58 or inclusion of higher order exchange interactions. 59 For our samples tetragonal distortion can be ruled out as the films are grown along the three-fold symmetry axis. Moreover, the existence of finite cation distribution disorder is excluded by our XAS results. Therefore, we suggest that the YK state is likely stabilized due to the activated additional exchange interactions.
Indeed, recent LSDA+U calculations revel that J AA , which was neglected in the conventional LKDM theory, can reach ∼ 10% of J AB . 60 Also the strength of the second nearest-neighbor B-B interaction, J BBB , is estimated ∼ 3% of J BB . 61 Thus, by confining the films to a few QLs, the overall effect of quantum confinement is likely to enhance the relative strength of J AA and J BBB , which shifts the magnetic energy balance towards the YK state.
Based on the above discussion, we propose an extended magnetic phase diagram which now includes the YK spin configuration for (111) normal spinel films as a function of µ and inverse thickness 1/n (dimensionality) to reflect the propensity towards 2D. As illustrated in Fig. 4 , the magnetism of both bulk compounds and thick films follows the conventional LKDM theory with the magnetic ground state of either Néel or the spiral type, separated by the critical value of µ 0 = 0.89. As the thickness is further reduced towards the ultrathin limit, the YK state emerges at the intermediate regime. It is interesting to point out that potentially there might exist a tri-critical point separating these three magnetic phases as marked by the magenta dot on Fig. 4 .
In summary, we report on the discovery of a new magnetic state in quasi 2D (111)-oriented 
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